ABSTRACT: During the drying of wood, volatile organic compounds are emitted. These emissions contribute, in the presence of nitrogen oxides and sunlight, to the formation of ground level ozone and other harmful photo-oxidants. Emissions of volatile organic compounds from the drying of birch sawdust in a spouted bed were analyzed with a flame ionization detector and with a gas chromatograph-mass spectrometer. A D-optimal model of the emissions showed that the emissions increased exponentially with decreasing sawdust moisture content and that the final sawdust moisture content was influencing emissions about twice as much as the inlet drying medium temperature and the month of logging. At inlet temperatures of 140-170 °C, the emissions increased steeply when the moisture content of the sawdust reached 10%, whereas an inlet temperature of 200 °C caused a surge of thermal degradation products at 15% moisture content. The results of this study should help to reduce the emissions of volatile hydrocarbons during the drying of hardwood sawdust and wood chips.
INTRODUCTION
Reduction of industrial emissions of volatile organic compounds (VOCs) is a part of a global strategy to reduce pollution due to tropospheric ozone. VOCs, in the presence of NO x , cause the formation of ozone and other photochemical oxidants, which irritate the respiratory system (Burnett et al., 1999; Krupnick et al., 1990) , cause distress for asthmatics (Levy et al., 2001; Peden, 2002) and obstruct the photosynthesis of plants (Heath, 1980; Laurence and Weinstein, 1981) . Hardwood is predominantly used for furniture, carpentry and floors. This requires drying to suitable moisture contents (Table 1) (Thomassen, 1998) . Birch cutter shavings are used for heating, mostly as briquettes. In Sweden, the hardwood sawdust from large sawmills is currently used for heating in its undried state (Martinsson, 2003) , whereas small sawmills often sell it as animal bedding. However, hardwood sawdust can be used for the production of pellets (Munter, 2004) . Wood pellets are usually produced from sawdust with moisture content ranging from 6% to 15%. The Swedish wood pellets industry mostly uses conifer sawdust although some producers mix hardwood into it (Olsson, 2001) . Hardwood has been mentioned as one of the several "new" raw materials for pellets to be used as the demand for wood pellets exceeds the amount of available softwood sawdust (Martinsson, 2003) . High temperatures in wood cause thermal degradation of wood tissue. The wood temperatures necessary to cause thermal degradation have been reported to be 130 °C (Broege et al., 1996 ), 200 °C (Bridgwater, et al., 1995 and within the range of 130-160 °C (Otwell et al., 2000) . In hardwoods, thermal degradation products are the only VOCs emitted during drying (Banerjee, 2001) . Examples of typical thermal degr adation products are methanol, formaldehyde (Barry and Corneau, 2006; Su et al., 1999) , acetaldehyde (McDonald et al., 1995 ), pentanal, hexanal (Otwell et al., 2000 formic acid, acetic acid, alcohols and furfurals (Bridgwater et al., 1995) . There are studies published on thermic degradation emissons from lumber drying (McDonald et al., 2002; Milota, 2006) , rotary drum drying of fragmented wood (Banerjee et al., 2006) and drying in a ceramic tube furnace (Otwell et al., 2000; Su et al., 1999) . The results from these studies are not necessarily transferable to the drying of sawdust in spouted/fluidized beds. Different temperature ranges are used and a spouted bed is much gentler on the dried material than a drum dryer is, with lower risk for overdrying of fines -a factor that has a large influence on thermic degradation (Banerjee et al., 2006; Su et al., 1999) . It is important to establish if VOC emissions from hardwood spouted bed drying are sufficiently large to warrant mandatory installment of equipment to reduce emissions. This would incure additional costs. To estimate the amount of emissions correctly during various drying schemes, it is necessary to know how the emissions change with the used wood and with important drying parameters. A model of the VOC emissions' dependence on the inlet temperature, final sawdust moisture content and time of logging gives this predictability, which is important both to regulative bodies and to the wood industry.
MATERIALS AND METHODS
Birch sawdust was dried in a spouted bed dryer in continuous operation using superheated steam with maximum steam temperatures of 140 °C, 170 °C or 200°C
. The final moisture contents studied were 25% (the fiber saturation point, where the water in the lumen has been removed but not the water in the wood cell walls) and low sawdust moisture contents in the interval 4-9%. Sawdust with a moisture content of 4% is used by the particle board industry, whereas sawdust with a final moisture content of 9% can be used by the wood pellets industry. The sawdust used in this study was collected during summer and winter. The season can be of importance, since the extractive content differs over the year, with the nutrient reserve of fatty acids and fats stored in marrow streaks being at its peak in autumn and depleted in spring. The experimental design (Table 2) can be seen as a three-level full factorial design (equivalent to a CCF design in two factors) with replicate center-point for December sawdust, combined with a two-level fractional factorial design with one center-point for June sawdust. A D-optimal approach was used due to the irregular experimental region (4% MC at 140 °C was unattainable) and the mixed full fractional and fractional factorial design. The drying medium was analyzed for solvent soluble substances in order to determine whether, in case of birch wood, the emitted VOCs are entirely made up of thermal degradation products or whether biogenic substances are also emitted. This was done for runs with high inlet temperature and low sawdust final moisture content, where biogenic emissions would be most likely to occur. Furthermore, undried sawdust was analyzed for solvent soluble substances in order to compare these with the solvent soluble substances in the drying medium.
Birch (Betula pendula) was used in the experiments. The sawdust was taken from a sawmill located in central Sweden that processes timber grown in the region. The sawdust was transported and stored in sacks of woven polypropylene at room temperature and was used for tests within a week. One batch was collected in December and one in June. The sawdust moisture content was 42% wet basis (72% dry basis) in December and 35% wet basis (54% dry basis) in June. Undried birch normally has 40% wet basis (% wb) moisture content.
The drying system used for the experiments is a laboratory scale spouted bed dryer located at the University of Karlstad (the KaU dryer). The system is schematically depicted in Fig. 1 . A spouted bed resembles a fluidized bed; the difference being that in a fluidized bed the drying material moves randomly, whereas in a spouted bed the material moves upwards at the center of the drying tower and falls down at the periphery. 
